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INTRODUCTION
Ink-jet printing technology has developed since the 1960s and 1970s into a familiar and commonplace technique. [1] [2] [3] The best-established applications are in product marking and digital graphics. Ink-jet technology allows small volumes of fluid to be delivered to a substrate in a controlled and repeatable manner so that high-resolution arrays can be constructed from a digital file. The strengths of ink-jet printing mean that it is suitable for a wealth of applications beyond the deposition of inks and pigments. 4, 5 Ink-jet technology has been used, for example, to build three-dimensional structures using ceramic inks 6 and print conductive silver tracks. 7 The technology has also been used to deposit functional polymers during the manufacture of organic solar cells 8, 9 and organic light-emitting diode displays. 10 Studies have shown that control over deposit morphology and advanced patterning of substrates can be achieved using careful formulation design. 11 As the range of applications of ink-jet technology grows, so does the complexity of the inks.
Polymers are frequently included in ink-jet formulations at low concentrations to optimize the viscosity for ink-jet printing 4 and to confer greater stability upon pigment dispersions. 12 They can also improve printing behavior by reducing satellite production and thus improve pattern resolution. 13, 14 At increased concentration, however, it becomes impractical to jet polymer solutions because non-Newtonian effects have a dramatic impact upon the ejection of a drop from the nozzle. A Newtonian liquid necks under capillary pressure to a pinch point, after which the drop detaches. 15 Polymer solutions initially follow these dynamics 16 but, on the approach to the pinch point, the fluid experiences very high strain rates, σ, that trigger the sudden generation of a thin, cylindrical filament between the main drop and the orifice. 15 Filament formation is caused by the polymer chains undergoing a coil-stretch transition, which for a linear polymer is expected when σ > (2τ) −1 , where τ is the longest polymer relaxation time. 17 The radius of the filament no longer decreases according to Newtonian dynamics, but instead decays exponentially so that drop breakoff time is significantly increased. 16 The importance of polymer relaxation dynamics in governing the thinning of the filament increases strongly with increasing polymer concentration and molecular weight. 18 The eventual rupture of the filament can lead to the production of satellites, particularly if the filament takes on a "beads-on-a-string" structure prior to breakoff. 19 The coil-stretch transition also decelerates the main drop as a result of the increase in elasticity to the extent that the drop may fail to detach at all and be drawn back into the residual fluid in the orifice. 20 The non-Newtonian behavior of polymer solutions therefore places practical limits on the concentration of a printable polymer solution. For example, Hoath et al. 21 reported that the maximum printable concentration of a polystyrene (PS) solution in diethyl phthalate (DEP) with a molecular weight of 488 kDa was of the order 0.25 %wt. It is possible to manufacture and print highly-loaded formulations if the polymer is present as a solid, as demonstrated with low-MW polyurethane colloidal suspensions with a 40-%wt solids content. 22 In this paper, we show that oil-in-water emulsions can be used to overcome the limitations of printing high-molecular-weight polymers in solution. The polymer is dissolved in a good solvent and dispersed as the discontinuous phase of an emulsion, with a surfactant as a stabilizer. The emulsion droplets shield the polymers from the high strain rates that cause them to undergo the coil-stretch transition and thus allow them to be printed at a higher overall concentration. The 4 underlying physical mechanism is the resistance to deformation provided by the free energy, G, of the oil-water interface. The interfacial free energy can be simply expressed as
where γ is the interfacial tension and A is the area of the interface. The change in interfacial free energy when the dispersed droplet is deformed is then , , , , acts to enhance the resistance to deformation provided by the surface tension. The two terms are typically of the same order of magnitude. If the resistance to deformation exceeds the viscous stresses on the droplet then the droplet does not deform, the polymers experience little strain and the rheology of the fluid as it approaches pinch off is determined by the Newtonian character of the continuous phase. The ink can therefore be successfully printed.
Limiting the extent of deformation of the discontinuous phase during the printing process is of crucial importance for the principle to work. The deformation of a spherical droplet subjected to a straining flow in the continuous fluid was analyzed by Taylor. 23 Taylor solved the steady-state balance of forces on the deformed droplet; his model involves only the surface tension and not the Gibbs elasticity, which appears only in the time-dependent problem. Taylor's model therefore overestimates the deformation.
Taylor's theory is expressed in terms of the viscosity of the continuous phase, μ, the viscosity of the droplet, μʹ, the undeformed radius of the droplet, r, the droplet interfacial tension, γ, and 5 the strain rate, σ. These parameters are grouped into the viscosity ratio, λ, and the capillary number, C, defined as
and
Physically, the capillary number quantifies the relative magnitudes of viscous and interfacial forces. The drop deformation D can be expressed as
where L is the half-length and B the half-breadth of the deformed droplet. In the limit of small deformations,
Thus, D ≈ C when λ >> 1. Consequently, if we design an emulsion such that C is small under the high strain rates experienced in an ink jet, we would expect a droplet to maintain a spherical shape and thus prevent the coil-stretch transition that is the source of the difficulty in the ink-jet 7
The interfacial tension between the polymer and surfactant solutions was measured by pendent-drop tensiometery (First Ten Ångstroms, FTÅ200). Drops of 9.5-%wt PS in methyl benzoate (density ρ = 1.082 g mL −1 ) were suspended from a syringe in a cuvette filled with an 8.2-mM SDS solution (ρ = 0.992 g mL −1 ). Images were captured as silhouettes using a telescopic lens attached to a camera (Watec, Wat-902B) and were calibrated using a 3-mm sphere. The interfacial tension was extracted as 4.3 mN m -1 at 294 K using proprietary software (First Ten Ångstroms, Fta32 v2.0). The densities were measured using a 1.004-mL pycnometer at 294 K.
Emulsification of the formulation was achieved by briefly stirring the two components together to suspend the polymer solution in the continuous fluid, before applying an ultrasonic horn (Sonics, VC505) equipped with a 3-mm stepped microtip. The horn was operated at 25% amplitude for two minutes, followed by 40% amplitude for one minute. Sonication produces a polydisperse emulsion ( Fig. 1a ) comprising a small number of larger droplets with a radius of 1  6 µm and a much larger number of micron-sized droplets which together act to obscure the ordinarily black background. The largest droplets are an order of magnitude smaller than the print head orifice diameter (50 μm) so they should not perturb jetting. High-power ultrasound is known to lead to chain scission in polymers, so the polystyrene recovered from the emulsion was also characterized by GPC: the emulsified polymer had a reduced M n of 419 kDa and an increased polydispersity of 1.21. We note that the presence of the polymer has a marked effect on the ultrasonic production of the emulsion: an emulsion generated in the absence of polystyrene under the same conditions ( Fig. 1b) is far finer and more monodisperse, with a typical droplet radius of the order 1 μm. The polydispersity observed in Figure 1a is, therefore, due to the PS. The use of a homogenizer (IKA, T10 Ultra Turrax, 2 × 10 4 rpm) in place of the ultrasonic horn did not improve the uniformity of the polymer-containing emulsions. with the filament disintegrating into multiple satellites ( Fig. 4c and 4d ). The filament for the 0.50 %wt solution (Fig. 4b ) led to the production of a single satellite that did not coalesce with the main droplet within 500 μm of the point of detachment. The 0.25 %wt solution detached comparatively quickly after emerging from the orifice (Fig. 4a) and produced a single satellite that coalesced when the main drop had travelled a further 35 μm. The 0.25 %wt PS solution has jetting characteristics the most like the emulsion (Fig 3a) , but the emulsion contains 15 times more polymer. The emulsion also did not show non-Newtonian jetting dynamics, which were observed for the 0.25 %wt solution (Fig. 4a) . Emulsions thus provide a viable strategy for preventing polymers from undergoing the coil-stretch transition and causing disruptive non-Newtonian detachment dynamics. known to be diffusion limited, 27 so the drying dynamics were controlled by the difference in vapor pressure and diffusion coefficient between the continuous and discontinuous phases. The reported vapor pressures, p A , at 293 K are 2.3 kPa for water and 0.034 kPa for methyl benzoate. 26 The binary diffusion coefficients in air, D A , for water and methyl benzoate are calculated as being 0.243 and 0.069 cm 2 s -1 , respectively, at 293 K using the empirical relationship recommended by Fuller 28 and corrected atomic/molecular diffusion volume increments for C, H and air. 29 The evaporation rate, r A , for a component is proportional to p A D A and, for water, to
, with the additional term taking into account the relative humidity, RH. 30 The predicted ratio of the evaporation rate of water to methyl benzoate at a typical RH of 0.4 is 140.
There were, therefore, two distinct stages to the drying process: (1) (Fig. 5a(vi) ). Figure 5b shows that the drop shape was a reasonable approximation to a spherical cap, with small deviations as the drop evolved from water-continuous to oil-continuous ( Figs. 5b(iv)−(v) ).
The diameter and volume of the drop extracted from the footage is plotted against time in Figure   6 until a continuous PS deposit was left upon complete loss of solvent at t = 24 s ( Fig. 5a(ix) ). 
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The rate of loss of volume was initially high at 74 ± 7 pL s -1 , corresponding mainly to water evaporation ( Fig. 6 ). At t = 1.3 s there was a sharp change in the rate of volume loss and evaporation proceeded at a much slower rate (2.1 ± 0.2 pL s -1 ). The knee in the evaporation rate coincides approximately with the disappearance of two discrete phases in the images in Figure 5 .
After 1.3 s, only methyl benzoate remained and, as noted earlier, it had a much lower evaporation rate than water. The observed ratio of the rate of evaporation of water to that of methyl benzoate was 30, which is substantially lower than the expected ratio of 140.
If evaporation is diffusion controlled, then the rate of evaporation of methyl benzoate will depend only on the contact angle and drop diameter 30 and not on the presence of the aqueous phase. Hence, to estimate the initial volume of the oleic phase, the volume in Figure 6 at times greater than 1.3 s was extrapolated back to t = 0 s, to yield a value of 55 ± 5 pL. The initial drop volume was 140 ± 10 pL. The volume fraction of the discontinuous phase was thus 41 %vol, or 45 %wt, and the overall PS concentration was 4.3 %wt, assuming that PS had a uniform concentration (9.5 %wt) across all dispersed phase species. The formulation was prepared with a discontinuous phase that comprised 40 %wt of the emulsion. The increase in the amount of discontinuous phase in the printed drop can be attributed to the tendency of the larger methyl benzoate droplets to sediment in water such that emulsified droplets collect at the nozzle. Thus in this single drop, the discontinuous phase had a proportion by weight about 12 % higher than the formulation average. In continuous printing applications, this segregation would not occur. The surface profiles along the vectors AB and CD respectively (solid lines) and the circular arc that best fit the data (dashed lines). Missing pixels in the interferogram were replaced by linear interpolation.
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The polystyrene deposit ( Fig. 5a(ix) ) possessed a non-uniform distribution of features that are irregular in shape and appeared dark relative to the lighter colored, smoother surface surrounding them. The image of another dry deposit in Figure 7a shows even more pronounced irregularities.
The illumination in the rig in Figure 2 is optimized to highlight interfaces in the evaporating drops and does not provide a quantitative measure of the irregularities in the surfaces.
Consequently, we used interferometry to profile the height of the deposit in Figure 7a mins did not, however, change the image (Fig. 7b ) so if the irregularities are due to residual surfactant then the surfactant must be buried within the polymer deposit. They may also arise from buckling of the polymer film in the later stages of drying.
DISCUSSION
Our jetting experiments show that we can print polymers at higher concentrations than is possible in solution. We were able to print an emulsion containing PS of M n = 419 kDa at an 23 overall concentration of 3.8 %wt (Fig. 3a) , but not a binary solution of the same concentration ( Fig. 3b ). We observed non-Newtonian jetting dynamics for PS solutions of concentration 0.50 -1.00 %wt in the form of long-lived filaments that delayed drop breakoff and disintegrated into satellites. The PS solution that had the most comparable jetting dynamics to the emulsion was 0.25 %wt PS, which still formed a filament, but gave no satellites. A 0.25-%wt ink-jet printing limit has been observed elsewhere 21 for jetting drops of a polystyrene (M n = 488 kDa) solution in DEP at 6 m s -1 . We have therefore demonstrated that emulsions facilitate an improvement in the amount of polymer that can be delivered to a substrate in a single drop by an order of magnitude. This is advantageous for manufacturing scenarios since a layer of a certain thickness can be deposited in fewer passes, thus reducing process complexity. Our formulation also exhibited a two-stage drying regime which left a spherical cap of concentrated polymer solution after complete evaporation of the continuous phase. The resulting deposits were continuous and dome shaped: we did not observe ring stains commonly encountered for dispersed particulates. 31 A uniform deposit is beneficial for most applications.
One disadvantage of the emulsion approach is the necessity to include a surfactant in the formulation, which may be undesirable for the functional properties of the deposited film. We experimented with a range of surfactants including well-known emulsifiers such as AOT and
Tween80 as well as a cationic surfactant C 12 TAB, but SDS gave the best emulsions. An SDS homologue with a lower cmc might permit a lower surfactant loading, but one will invariably need sufficient surfactant to form a substantial fraction of a monolayer at the oil-water interface;
for micron-sized droplets a surfactant loading of less than 0.1 %wt is unlikely to be achieved. An alternative approach would be to use a lower molecular weight surfactant that is sufficiently volatile to be removed during an annealing step, or possibly a photo-or thermally-degradable surfactant.
A challenge in using emulsions to print high-MW polymers is the manufacture of the emulsion itself. The ultrasonic preparation method leads to highly-polydisperse emulsions with small numbers of large droplets and large numbers of sub-micron droplets, which consume a lot of surfactant on account of their high collective surface area. The polydispersity has its origin in Ostwald ripening. 32 PS is insoluble in water so it is unable to pass through the continuous phase under Ostwald ripening dynamics. The number of centers is then fixed, leading to a dispersity governed by Laplace pressure and polymer chemical potential. It is possible that a different processing procedure would yield better formulations. We tried low-shear emulsification methods, such as bath sonication and shaking by hand, to avoid polymer scission but found that emulsification was very poor. We deliberately kept the SDS concentration low (0.25 %wt) so that the major component of the deposit would be polystyrene.
The data in this paper represent the highest PS loading achieved. The polymer solution
properties that inhibit printing also inhibit emulsification, since high strain rates are involved in the division of emulsified droplets. Increasing the polymer concentration in the fluid to be dispersed increases its non-Newtonian character and resulted in formulations with larger droplets of dispersed phase. Large droplets become problematic when they approach the size of the print head orifice since they impact jetting behavior. They are also not as effective at shielding polymers from high strain rates since deformation under shear is linear with radius, as in Eq. (6) .
The other way of increasing the polymer loading is to increase the volume fraction, , of the dispersed phase. The upper limit on  is determined by the viscosity which is printable, which limits  in practice to about 0.6. 33 
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A number of solvents were explored in developing the system described here. We have described these trials elsewhere 34 and just summarize the three main conclusions. (i) The dispersed phase should be a good solvent for the polymer in order to achieve a high polymer loading.
(ii) The solvent should be significantly less volatile than water so that the drop evaporates in two discrete stages: first, evaporation of water and coalescence of the oleic phase into a uniform spherical cap and, second, evaporation of the organic solvent. However, the solvent should be sufficiently volatile that it dries within an acceptable processing time. For example, toluene (p A = 2.9 kPa at 293 K) is too volatile and DEP (p A = 4 × 10 -5 kPa at 293 K) is too involatile. 26 (iii) Neutrally buoyant solvents such as anisole (ρ = 0.995 g mL −1 ) give more uniform drop compositions than dispersed phases that cream (such as toluene, ρ = 0.865 g mL −1 ) or sediment (such as DEP, ρ = 1.12 g mL −1 ). Although methyl benzoate is denser than water, the density difference is small enough to allow successful printing but can lead, as shown in Figure   6 , to droplets whose composition varies from the mean composition.
In principle, the same approach could be used to print water-soluble polymers in a water-in-oil emulsion. However, the continuous phase would need to be highly volatile (such as heptane)
which may lead to difficulties with clogging of the ink-jet nozzles.
CONCLUSION
Oil-in-water emulsions provide a means for ink-jet printing high-MW polymers at a concentration much higher than is possible in a binary solution. The model formulation described in this paper comprised a 9.5-%wt polystyrene (PS: M n = 419 kDa, PDI = 1.21) solution in methyl benzoate (40 %wt overall) dispersed in a 14.8-mM SDS solution. This emulsion could readily be jetted from a MicroFab nozzle (diameter 50 μm) at 50 V to produce a single drop, without any sign of the filaments and non-Newtonian behavior commonly associated with polymer solutions. In contrast, we were not able to print a binary solution in the same solvent with a similar overall concentration (~4 %wt) at any drive voltage, with emerging fluid always being drawn back into the nozzle. The emulsions function by shielding the polymer chains from extensional flow, which occurs solely in the continuous, aqueous medium. For typical jetting parameters and micron-sized droplets, capillary forces dominate viscous forces and the droplets of the dispersed phase, containing the polymer, remain close to spherical.
The drying of printed emulsion drops on a hydrophobized surface was observed with two highspeed cameras which capture images from underneath and from the side. We observed a twostage drying process. Initially, drop behavior was dominated by water evaporation and emulsified droplets coalesced first at the contact line. Complete evaporation of the continuous phase left a spherical cap of the polymer dissolved in the organic solvent. A second, slower stage involved the evaporation of the organic solvent to leave a continuous deposit of the dry polymer.
The PS deposits were profiled by interferometry and were found to have a dome shape with a central thickness of around 2.5 μm and a diameter around 110 μm. Cross sections through the deposit showed a roughness with a standard deviation around one tenth of the height of the deposit. The topography may arise from embedding with the polymer deposit of crystals of the surfactant used to stabilize the emulsion, or from buckling of the polymer film in the later stages of drying.
The strengths of using emulsions to print high-MW polymer are that they allow an order-ofmagnitude increase in the polymer loading compared to a binary solution and that they give a continuous deposit with approximately uniform coverage. We found, however, that the emulsification of the polymer solutions was not trivial and we were unable to generate 27 monodisperse emulsions. The viscoelastic characteristics of polymer solutions that inhibit jetting are also likely to hinder the breaking of larger drops into smaller ones. Involatile surfactants, such as SDS, used to stabilize the emulsion remain in the dry deposit, which may be undesirable for functional materials. Selection of solvents with appropriate volatility and density is important for printing of uniform polymer films. 
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